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Disruption of the Type III Adenylyl Cyclase Gene
Leads to Peripheral and Behavioral Anosmia
in Transgenic Mice
OSNs (Firestein and Werblin, 1989). Odorant activation
of these sensory neurons is initiated through their in-
teractions with a multigene family of receptors (Buck
and Axel, 1991; Levy et al., 1991; Parmentier et al.,
1992) whose predicted membrane topology fits the pro-
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totypic seven transmembrane configuration of G pro-†Department of Environmental Health
tein–coupled receptors. The fact that odorants coupleand Toxicology
to the activation of either the cAMP pathway (Pace etUniversity of Washington
al., 1985; Sklar et al., 1986; Breer et al., 1990) or the
Seattle, Washington 98195 inositol 1,4,5-triphosphate (IP3) pathway (Boekhoff et al.,‡Monell Chemical Sciences Center 1990; Breer and Boekhoff, 1991) in isolated olfactory
Philadelphia, Pennsylvania 19104 cilia confirms the notion that olfactory receptors couple
through G proteins.
Receptor-mediated elevation of cAMP is mediated by
activation of Golf, a stimulatory G protein enriched inSummary
olfactory cilia (Jones and Reed, 1989). Increased cAMP
in OSNs activates a cyclic nucleotide–gated conduc-Cyclic nucleotide–gated ion channels in olfactory sen-
tance (CNG) that leads to increased permeability to Ca21sory neurons (OSNs) are hypothesized to play a critical
ions (Frings et al., 1991; Zufall et al., 1991). Indirectly,role in olfaction. However, it has not been demon-
this increased Ca21 leads to activation of a receptorstrated that the cAMP signaling is required for olfac-
potential in olfactory cilia through activation of a Ca21-tory-based behavioral responses, and the contribu-
gated chloride conductance (Kleene and Gesteland,tions of specific adenylyl cyclases to olfaction have
1991). This receptor potential brings the membrane po-
not been defined. Here, we report the presence of tential to a firing threshold sufficient to activate voltage-
adenylyl cyclases 2, 3, and 4 in olfactory cilia. To evalu- gated Na1 channels and initiate spike generation. It is
ate the role of AC3 in olfactory responses, we dis- hypothesized that this signal transduction cascade is
rupted the gene for AC3 in mice. Interestingly, elec- pivotal for peripheral olfactory signaling and therefore
troolfactogram (EOG) responses stimulated by either critical for olfactory behavioral responses. This hypothe-
cAMP- or inositol 1,4,5-triphosphate– (IP3-) inducing sis is supported by recent gene disruption studies of
odorants were completely ablated in AC3 mutants, the CNG channel and Golf (Brunet et al., 1996; Belluscio
despite the presence of AC2 and AC4 in olfactory cilia. et al., 1998) which showed that mutant mice lacking
these proteins fail to show normal odor-evoked fieldFurthermore, AC3 mutants failed several olfaction-
potentials in the OE. Although these studies supportbased behavioral tests, indicating that AC3 and cAMP
a major role for cAMP in primary electrophysiologicalsignaling are critical for olfactory-dependent behavior.
responses in the OE, olfactory-based behavioral tests
have not been reported for the CNG and Golf knockoutIntroduction
mice. Another key unanswered question is the identity
of adenylyl cyclases responsible for generating odorant-
The olfactory sensory system has the remarkable capac- induced cAMP increases.
ity to detect and discriminate among a wide array of Although there is high adenylyl cyclase activity in cilia
odorants and translate them into cognitive representa- preparations from the OE (Pace et al., 1985; Pfeuffer et
tions. Considerable progress has been made in defining al., 1989), the identity of adenylyl cyclases responsible
the mechanisms for detection of odorants in the olfac- for primary olfactory signaling has not been determined.
tory epithelium (OE) (reviewed by Frings et al., 1992; To date, genes for ten adenylyl cyclases have been
Zufall et al., 1994; Schild and Restrepo, 1998; Prasad cloned, each exhibiting distinct regulatory properties
and Reed, 1999). Odorant perception is initiated by acti- (Sunahara et al., 1996; Xia and Storm, 1997). Not all of the
vation of receptors in olfactory sensory neurons (OSNs) adenylyl cyclases are strong candidates for G protein
within the OE (Lancet, 1986). These neurons propagate coupling of olfactory receptors to cAMP increases. For
signals to the olfactory bulb, where they synapse onto example, AC8 is not stimulated by Gs-coupled receptors
mitral/tufted and periglomerular cells. From there, the in vivo (Nielsen et al., 1996), and AC1 is only stimulated
mitral cell efferents project to the piriform cortex, where by Gs-coupled receptors when it is also activated by
olfactory information is then communicated to both the Ca21/calmodulin (Ca21/CaM) (Wayman et al., 1994). Little
limbic and higher cortical structures of the brain—sites is known about which adenylyl cyclases are expressed
involved with the emotional association of odorants with in OE cilia. AC2 mRNA has been detected in the OE
experience. (Feinstein et al., 1991), but it has not been demonstrated
Exposure of OE preparations to odorants causes rapid that AC2 protein is expressed there. AC3 mRNA (Baka-
changes in ion conductance along the apical surface of lyar and Reed, 1990) is expressed in OE, and AC3 protein
is expressed in the cilia layer of the OE (Bakalyar and
Reed, 1990; Wei et al., 1998). AC2 and AC3 are both§ To whom correspondence should be addressed (e-mail: dstorm@
stimulated by Gsa in vivo (Choi et al., 1993; Wayman etu.washington.edu).
al., 1995; Baker et al., 1999) and could, in principle,k These authors contributed equally to this work.
couple odorant receptors to cAMP increases in olfactory# This paper is dedicated to the memory of Dr. Geoffrey H. Gold,
who died of ALS on February 10, 2000. cilia.
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Figure 1. AC2, AC3, and AC4 Are Expressed in Cilia from OSNs
(A) Olfactory cilia isolated from wt mice were examined for Ca21-stimulated adenylyl cyclase activity (open circles). Cortical membranes
isolated from the same animals were assayed as a positive control (closed circle). Error bars 5 SEM.
(B) Olfactory cilia demonstrated G protein–activated and forskolin-activated adenylyl cyclase activity.
(C) Western analysis using an AC2-specific antibody was performed on wt cilia proteins run on a native PAGE gel. Lane 1, AC2 is heavily
glycosylated and ran as a broad band; lane 2, the immunopositive AC2 band was eliminated by preabsorption with the peptide used to raise
the AC2 antibody.
(D) Western analysis using an AC3 antibody (lanes 1 and 2) or an AC4 antibody (lanes 3 and 4) was performed on wt cilia proteins run on an
SDS–PAGE gel. Lane 1, anti-AC3; lane 2, anti-AC3 1 AC3 peptide; lane 3, anti-AC4; lane 4, anti-AC4 1 AC4 peptide.
Here, we show that AC2, AC3, and AC4 are all ex- been hypothesized to be an important integrator of coin-
cident signaling in the OE (Anholt, 1994). However, stud-pressed in olfactory cilia, suggesting that multiple ade-
ies to examine the presence of this activity in olfactorynylyl cyclases may contribute to primary olfactory sig-
cilia have led to conflicting results (Shirley et al., 1986;naling. To evaluate the specific role of AC3 in olfaction,
Anholt and Rivers, 1990; Fabbri et al., 1995). With thiswe disrupted the AC3 gene in mice. Surprisingly, electro-
in mind, we isolated olfactory cilia from mice and as-physiological studies of AC3 null (AC3-M) mice demon-
sayed for Ca21-stimulated adenylyl cyclase activity tostrated anosmia toward both IP3- and cAMP-generating
determine if AC1 or AC8 is present. Ca21-stimulatedodorants, despite the presence of other adenylyl cy-
adenylyl cyclase activity was detected in membranesclases in olfactory cilia. Furthermore, AC3-M mice also
prepared from cerebral cortex and other areas of brainfailed olfactory-dependent behavioral assays.
but not in OE cilia preparations (Figure 1A). These prepa-
rations were also treated with 100 mM GppNHp, a direct
Results Gs activator, or 10 mM forskolin, an adenylyl cyclase
activator, to confirm that isolation of OE cilia did not
AC2, AC3, and AC4 Are Expressed damage adenylyl cyclase activity. Treatment with either
in Olfactory Cilia GppNHp or forskolin markedly increased adenylyl cy-
Multiple isoforms of adenylyl cyclase are commonly ex- clase activity (1625 6 69 and 4479 6 114 pmol/min/mg,
pressed in a given tissue or in a specific cell type (Xia respectively; Figure 1B). We conclude that neither AC1
and Storm, 1997). Although it is well established that nor AC8 is present in olfactory cilia.
AC3 is present in OSNs (Bakalyar and Reed, 1990), the Reverse transcription PCR analysis of mRNA isolated
presence of other adenylyl cyclases has not been re- from OSNs indicated the presence of AC2, AC3, and
AC4 mRNA (data not shown). To test if AC2 or AC4ported. Ca21-stimulated adenylyl cyclase activity has
cAMP Signaling Is Required for Olfaction
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Figure 2. Targeted Disruption of the AC3 Allele
(A) The AC3 gene was disrupted by homologous recombination in ES cells using a positive-negative selection method. The targeting vector
used replaced a 5.5 kb region of the AC3 gene that contains the 59 end of exon 1 and the putative AC3 promoter region.
(B) Disruption of the AC3 gene was confirmed by Southern blot. Digestion of genomic DNA with HindIII and probing with a 39 flanking fragment
(E9) revealed a 1.5 kb mutant fragment and a 5.0 kb wt fragment.
(C) PCR analysis also confirmed the disruption of the AC3 locus. Two primers (PCR1 and PCR2) that hybridized to sequences within the
deleted region of the AC3 locus identify the presence of the wt allele. The mutant allele is revealed by a forward primer (PCR3) that hybridized
to the reverse complement of the 59 region of the neomycin cassette and a second primer (PCR4) that hybridized 230 bp downstream of
PCR3.
(D) Western analysis of membrane preparations from wt, AC3 heterozygous, and AC3-M confirmed that AC3 protein is not expressed in AC3-M
mice.
proteins are expressed in olfactory cilia, we analyzed insertion site (Figure 2B). PCR genotyping also con-
firmed the disruption of the AC3 allele (Figure 2C). Toolfactory cilia preparations with antibodies specific for
each enzyme. Because the antisera raised against AC2 ensure the ablation of AC3 protein expression, mem-
branes from wt, heterozygous, and AC3-M mice wererecognize native AC2 but not denatured AC2 (Baker et
al., 1999), we used native gels to reveal the presence probed for AC3 protein. Western analysis demonstrated
the disruption of AC3 gene product in AC3-M mice (Fig-of AC2. AC2 is heavily glycosylated and migrates as a
diffuse band at z160 kDa (Figure 1C). Western analysis ure 2D). Interestingly, heterozygotes showed an inter-
mediate expression of AC3 protein.of cilia preparations also revealed the presence of AC3
and AC4 (Figure 1D). Immunohistochemical staining of F1 heterozygous AC3 mice were fertile and produced
typical litter sizes of six to nine pups. The AC3 mutantthe OE also revealed the presence of AC2 and AC4 in
the OE (data not shown). The presence of other adenylyl allele was passed in a Mendelian fashion, with represen-
tative percentages of 24.3% wt, 56.1% heterozygous,cyclases in the olfactory cilia was confirmed by compar-
ing adenylyl cyclase activities in olfactory cilia from wild- and 19.6% AC3-M. Homozygous matings were unpro-
ductive. Since AC3 is expressed in sperm and postu-type (wt) and AC3-M mice in the presence of 10 mM
forskolin. Forskolin-stimulated adenylyl cyclase activi- lated to be important for fertilization (Defer et al., 1998;
Gautier-Courteille et al., 1998), AC3-M mice may be in-ties in olfactory cilia from wt and AC3-M mice were
5700 6 100 and 2280 6 80 pmol/min/mg, respectively. fertile. Alternatively, mating behaviors are strongly de-
Furthermore, forskolin treatment of the OE from AC3-M pendent on olfactory cues (Boehm and Aron, 1990), and
mice caused a measurable membrane potential change, this fecundity deficit might arise from impairment of
consistent with the presence of residual adenylyl cy- odorant-dependent mating behavior in AC3-M mice.
clase activity in the olfactory cilia of AC3-M mice (Fig- However, AC3-M males exhibited normal mounting and
ure 6). anogenital sniffing behaviors when placed with females.
Furthermore, female mice left overnight with AC3-M
males were plugged, indicating that AC3-M mice do notGeneration of AC3-M Mice
exhibit a defective olfactory response to females. ThisTo evaluate the role of AC3 in olfaction, we disrupted
is the expected result, since mating is thought to bethe AC3 gene in mice (Figure 2A). Disruption of the AC3
a vomeronasal organ (VNO) response, and AC3 is notallele was confirmed by Southern analysis using a 39
probe E9 that hybridizes near the neomycin cassette expressed there (Berghard et al., 1996).
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Figure 3. The OE of AC3-M Lack AC3 and
Exhibit Normal Distribution of Golf and OMP
(A) Comparison between wt and AC3-M mice
at 4 months.
(B) Coronal sections from 1-day-old wt and
AC3-M pup snouts were stained with antisera
specific for AC3, Golf, or OMP. Immunoloca-
lized antisera were labeled with a Texas red–
conjugated secondary antibody and visual-
ized by confocal microscopy. Examination of
Golf and OMP expression demonstrated no
apparent differences in the overall morphol-
ogy of the OE or the distribution of Golf and
OMP. Scale bar, 100 mm.
Right after birth, AC3-M mutant mice struggled to similar in wt and AC3-M mice. The disruption of AC3
expression in the cilia layer of olfactory neurons ofsurvive, with an 80% fatality rate within 48 hr. However,
the survival rate of AC3-M mice was greatly enhanced AC3-M mice was confirmed using anti-AC3 antibodies.
by paring down the litter sizes shortly after birth. This
is consistent with studies showing that olfaction-com-
promised mice have significantly higher survival rates Odorant-Evoked Electrophysiological Responses
Are Ablated in OE of AC3-M Micewhen the litter size is reduced (Cooper and Cowley,
1976; Belluscio et al., 1998; Parent et al., 1998). Surviving OE from AC3-M and wt littermates were examined for
primary olfactory signaling using electroolfactogramAC3-M mice were initially smaller than were their wt
littermates but achieved normal size within the first 3 (EOG) (Ottoson, 1956) measurements to monitor odor-
evoked field potentials across discrete areas of the OE.months (Figure 3A).
To evaluate the integrity of the OE of AC3-M mice, we These potentials arise from changes in conductance
across the ciliary, dendritic, and somatic membranesexamined coronal sections prepared from wt or AC3-M
mice for the presence of olfactory neuronal markers that result in a net outward current (Lowe and Gold,
1991). Initially, we examined the responsiveness of 16-(Figure 3B). Olfactory marker protein (OMP) is a protein
of unknown function that is highly enriched in mature week-old AC3-M mice. EOG responses of wt prepara-
tions were monitored in response to either the cAMP-OSNs (Margolis, 1985). Sections of OE from wt or AC3-M
mice demonstrated comparable OMP staining patterns stimulating odorants 2-hexylpyridine, isomenthone, and
citralva (Sklar et al., 1986; Breer and Boekhoff, 1991) orin the cilia and cell bodies of the sensory neurons. As
a second marker for olfactory neurons, antiserum the IP3-stimulating odorants lilial, triethylamine, isoval-
eric acid, and pyrazine (Breer et al., 1990; Breer andagainst Golf (Jones and Reed, 1989) was also used to
stain wt and AC3-M olfactory epithelial sections. The Boekhoff, 1991). When the OE of wt mice were treated
with these compounds, there were membrane potentialexpression levels and pattern of Golf expression were
cAMP Signaling Is Required for Olfaction
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Figure 4. Odorant-Evoked Electrophysiological Responses Are Ablated in OE of Adult AC3-M Mice
(A) Representative EOG responses from 16-week-old AC3-M mice and wt littermate controls in response to cAMP- and IP3-elevating odorants
are depicted. cAMP-elevating odorants: 2-hexylpyridine (1023 M), isomenthone (1023 M), and citralva (1023 M) were diluted in mineral oil. IP3-
elevating odorants: lilial (1022 M), triethylamine (1023 M), and pyrazine (1022 M) were also diluted in mineral oil. Isovaleric acid (0.02 M) was
diluted in distilled water.
(B) Comparison of basal spike rates measured from wt (n 5 3 mice, 7 cells), heterozygous (n 5 3 mice, 13 cells), and AC3-M (n 5 4 mice, 8
cells) OSNs. The means were not significantly different (ANOVA, pcells 5 0.2). Error bars 5 SEM.
changes of 0.5 to 2.2 mV (Figure 4A). Surprisingly, and the positive EOG response is due to influx of chlo-
ride into the supporting cells. Reduction of external chlo-AC3-M preparations exhibited complete ablation of all
odorant-stimulated activity in the olfactory cilia, despite ride can significantly reduce this secretory response
(Okano and Takagi, 1974). Since chloride is a majorthe presence of AC2 and AC4.
Since the triethylamine-activated, positive potential charge carrier in OSNs, it is possible that the receptor
cells have a cAMP-dependent effect on chloride ionobserved in the Golf (Belluscio et al., 1998) and CNG
(Brunet et al., 1996) knockout mice was absent in AC3-M homeostasis that affects the secretory response. While
little is known about the transporters that regulate chlo-mice, the AC3-M anosmia may not stem from dysfunc-
tion of the olfactory transduction compartment, but ride ion uptake in the receptor cells, there is evidence
that cAMP regulates chloride transport (Chu and Candia,rather from nonspecific changes in membrane excitabil-
ity. To address this possibility, we examined mean spike 1988; Crook and Polansky, 1994; Ecelbarger et al., 1999).
In OSNs, mechanisms for chloride uptake must exist infrequencies as a function of mouse genotype (Figure
4B). OSN resting membrane potentials lie below or near order for the receptor cell to recover after stimulation.
Therefore, ablation of AC3 may lead to a decrease inthe action potential or “spike” threshold (Lynch and
Barry, 1989), so changes in excitability can affect the extracellular chloride and indirectly affect the secretory
response. Since the cAMP pathway is intact in both theability of a neuron to produce an action potential as well
as alter the rate of firing. Cell-attached patch-clamp CNG and Golf mutant animals, this may explain why the
secretory response to triethylamine is intact in CNG andrecordings demonstrated no significant differences in
mean spike rate between wt, heterozygous, and AC3-M Golf mutant but not in AC3-M mice.
The OE exhibits region-specific sensitivity to certainsensory neurons. From these data, we infer that the
resting membrane potentials and the presence of the odorants that can affect the magnitude of the EOG
(Thommesen and Doving, 1977). Since the magnitudeNa1/K1 channels responsible for action potentials were
not affected by loss of AC3. Therefore, the lack of EOG of the EOG is an inverse function of the square of the
distance between the source of the current and theresponsiveness in AC3-M animals is likely caused by
deficits in cAMP-dependent signaling rather than gen- recording electrode, it is possible that the deficits in
AC3-M EOGs were due to the placement of the recordingeral neuronal excitability.
The absence of the outward EOG in AC3-M neurons electrode. Consequently, we moved the electrode from
the medial surface of the second turbinate at three alter-in response to triethylamine may reflect a requirement
for AC3 in the odor-evoked secretory response in the nate locations: (1) the medial surface of the third turbi-
nate, (2) the dorsomedial surface of the second turbi-murine OE. The magnitude of the secretory response
relies heavily on the external chloride concentrations, nate, and (3) the ventromedial surface of the first
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Figure 5. Odorant-Evoked Electrophysiological Responses Are Ablated in OE of Newborn AC3-M Mice
Depicted is a summary of the mean EOG amplitudes measured from P1–P3 mice in response to odorants. Peak negative EOG amplitudes
from wt (n 5 15), heterozygous (n 5 13), and AC3-M (n 5 8) pups from eight litters of F2 heterozygous matings in response to odorants are
depicted. AC3-M animals demonstrated insensitivity to all odorants.
Inset: Representative traces from heterozygous and wt mice treated with a puff of 2-hexylpyridine. Asterisk, p , 0.05; double asterisk, p ,
0.01.
turbinate. None of the odorants listed in Figure 4A potential was recorded. Treatment of wt preparations
with 50 mM 1,9 dideoxy-forskolin, a forskolin analog thatevoked potentials when the turbinates of AC3-M mice
were examined at these additional areas. We conclude does not stimulate adenylyl cyclases, did not generate a
significant increase in membrane potential. Recordingsthat 16-week-old AC3-M mice are anosmic by EOG mea-
surements. from wt animals after treatment with 5 mM or 50 mM
forskolin showed a 5- to 6-fold increase in membraneThe remainder of the EOG measurements were quanti-
tated on eight litters of F2 intercrossed heterozygote potential over baseline values. In contrast, application of
forskolin to AC3-M preparations caused a much smalleranimals at postnatal day 1 (P1). EOGs of AC3-M mice
demonstrated insensitivity to both cAMP- and IP3-stimu- increase in membrane potential. These data indicate
that the OE of AC3-M mice expresses other adenylyllating odors, in good agreement with the 16-week-old
mice (Figure 5). In addition, we observed an interesting cyclases and that activation of these enzymes by high
levels of forskolin causes changes in membrane po-gene dose-dependent decrease in average EOG ampli-
tude when comparing wt and heterozygous mice. Unlike tential.
the CNG channel knockout (Brunet et al., 1996), wt and
heterozygous OSNs demonstrated significant differ- Odorant-Dependent Learning Is Impaired
ences in EOG amplitudes with nearly all compounds in AC3-M Mice
tested. These data are consistent with the observation Although AC3-M mice demonstrated peripheral anos-
that heterozygote mice express lower levels of AC3 than mia in response to structurally distinct odorant mole-
do wt mice (Figure 2D). Since AC3 heterozygous mice cules, it is possible that the OE of AC3-M mice were not
showed an olfactory phenotype, and CNG heterozygous responsive to odorants because of inherent limitations
mice did not, activation of AC3 may be the rate-limiting associated with field potential recordings (Schild and
step for OSN activation. Restrepo, 1998). To determine if AC3-M mutant mice
Since AC2 and AC4 are expressed in olfactory cilia can detect odorants, they were examined for odorant-
of AC3-M mice, and both of these adenylyl cyclases are associated passive avoidance learning (Harding et al.,
forskolin stimulated, forskolin should increase cAMP in 1978; Smith et al., 1998). This test measures the ability
the OE of AC3-M mice. This should induce changes of mice to associate an odor cue with a mild foot shock.
in membrane potential, although perhaps smaller ones Twenty-four hours after training, the mice were returned
than those obtained with wt mice. Consequently, we to the training chamber and allowed to choose from
monitored the change in EOG potential in response to either of two bottles: one side associated with the cued
forskolin in P1 pups (Figure 6). Baseline EOG potentials odorant and the other side with a novel odorant. If a
were monitored from the OE of wt and AC3-M animals. mouse drinks preferentially from the bottle associated
A 1.0 ml drop of either 5 mM or 50 mM forskolin was with the novel odorant, the animal can distinguish be-
tween the cued and novel odors. Mice with impairedapplied to the epithelial surface, and the change in EOG
cAMP Signaling Is Required for Olfaction
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Figure 6. Forskolin-Stimulated EOG Re-
sponses Are Reduced in AC3-M Mice
Forskolin-stimulated EOG responses from in-
dividual wt and AC3-M mice were measured
as described in the Experimental Procedures.
AC3-M mice demonstrated forskolin-stimu-
lated potential increases at 50 mM concentra-
tion, indicating the presence of other adenylyl
cyclases. Error bars 5 SEM.
olfaction will show no preference for the cued or novel novel odorant (Figure 7B). Heterozygous mice showed
an intermediate phenotype that was significantly differ-odorant (Figure 7A). Using citralva as the cued odorant,
wt mice demonstrated a strong aversion to citralva and ent from wt or AC3-M mice. AC3-M mice were also
unable to detect odorants when examined using thehad a strong preference for the novel odorant, lilial
(F21,2 5 21.5, p , 0.001). In contrast, the AC3-M animals sand-buried food test (Smith et al., 1998). Although wt
and heterozygous mice learned to associate the odorantexhibited no preference for either citralva or lilial (Figure
7A). Similarly, when lilial was used as the cued odorant, lilial with a food reward, AC3-M mice did not and used
a random search strategy to find the reward (FigureAC3-M mice did not demonstrate a preference for the
Figure 7. Olfactory-Dependent Learning Is
Impaired in AC3-M Mice
(A and B) Mice were conditioned to associate
an odorant (citralva in [A] and lilial in [B]) with
an electrical shock to the foot pad; 24 hr later,
mice were tested for the conditioned avoid-
ance to citralva (A) and lilial (B). This was dem-
onstrated as percent of preference toward
the novel odorant, with zero taken as no pref-
erence for the novel odorant. When either cit-
ralva (A) or lilial (B) was used as the cued
odorant, AC3-M mice displayed no prefer-
ence toward the novel odorant. However,
both wt and heterozygote mice demonstrated
a bias toward the novel odorant.
(C) Mice were submitted to the sand-buried
food olfaction test. Data are expressed as the
acquisition index, which is the percentage of
preference for the cued odorant cup, with
zero as no bias toward the cue odorant. The
wt and heterozygous mice learned to associ-
ate lilial with a food reward, whereas the
AC3-M mice did not and used a random
search strategy.
(D) Passive avoidance, a form of hippocampal
dependent learning and memory, was evalu-
ated in both wt and AC3-M mice. AC3-M mice
showed normal learning and memory for pas-
sive avoidance training (double asterisk, p ,
0.005). Error bars 5 SEM; n 5 6 for wt, hetero-
zygous, and AC3-M mice.
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7C). AC3-M mice failed two distinct training tasks based properties made it a strong candidate for gene disrup-
tion studies.upon olfaction, suggesting that they are unable to detect
or distinguish between odorants.
To ensure that the AC3-M mice did not have a general
AC3 Is Required for Olfactiondefect in fear-associative learning and memory, they
Despite the presence of other adenylyl cyclases in thewere examined for passive avoidance learning (Stubley
olfactory cilia that have the potential to couple to odor-Weatherly et al., 1996). This test was conducted with a
ant receptors, OSNs from AC3-M mice failed to exhibitshuttle box; one side was well lit, and the other side
EOG transients normally caused by IP3- and cAMP-gen-was dark. On the training day, mice were placed into
erating odorants. Interestingly, heterozygote AC3 mu-the lit side, and their crossover latencies into the dark
tant mice showed an intermediate EOG phenotype, sug-side were measured. As they crossed into the dark side,
gesting an AC3 gene dose dependency for olfaction.the partition was shut, and the mice were given a foot
These data suggest that AC2 and AC4 do not coupleshock (0.7 mA, 2 s). Twenty-four hours later, the mice
with odorant receptors to produce cAMP changes ofwere returned to the cage and observed for crossover
sufficient magnitude to generate detectable EOG tran-latencies. Increased crossover latencies indicate that
sients. This may be due to the greater sensitivity of AC3the mice learned to associate the shock with crossing
to Gs-activated receptors or higher levels of expressionover into the dark. Wt and AC3-M mice both showed a
of AC3 in the OE compared with AC2 or AC4. Alterna-significant increase in crossover latencies 24 hr after
tively, AC3 may be optimally localized in the OE to pro-training (Figure 7D). Therefore, the failure of AC3-M mice
duce cAMP transients in close proximity to CNG ionin odorant-associated passive avoidance is most likely
channels. Regardless, our data indicate that AC3 isdue to deficient olfaction rather than a general defect
obligatory for olfactory signaling and that this enzyme isin learning and memory or insensitivity to foot shock.
likely the primary source of cAMP required for olfactory
signaling.
Discussion Since Golf, CNG, and AC3 knockout mice demon-
strated impairments in odor-evoked EOGs, one might
assume that all of these mice are behaviorally anosmic.The cAMP signal transduction cascade is hypothesized
Although the EOG is an excellent method for monitoringto play a pivotal role in the initiation of OSN activation
the responsiveness of OE preparations to odorants, itin response to a wide array of structurally diverse odor-
has inherent limitations. The EOG amplitude can be per-ants. Because the magnitude of EOG potentials in OSNs
turbed by a number of parameters unrelated to odor-may be proportional to the amount of intracellular cAMP
induced potentials, including the number of cells under(Lowe et al., 1989), the spatial and temporal patterns of
the recording electrode, the proximity of the electrodeOSN firing relies critically on how much cAMP is pro-
to active OSNs, and the paracellular junction resistanceduced in each neuron. The objectives of this study were
(Schild and Restrepo, 1998). Furthermore, ZnS04 de-to determine which adenylyl cyclase is responsible for
struction of nearly 90% of all OSNs in the OE has littlecoupling odorants to cAMP responses and if ablation
effect on olfactory-dependent behavior (Harding et al.,of the gene for odorant-activated adenylyl cyclase inter-
1978). Consequently, it is possible that some amount offeres with both electrophysiological and behavioral ol-
olfactory processing may have escaped EOG samplingfactory responses.
of generator potentials at random areas of the epithelia
of CNG or AC3-M mice. Olfactory-dependent behavioral
Adenylyl Cyclases Expressed in Olfactory Cilia tests were not reported with the CNG and Golf mutant
Based on adenylyl cyclase assays, we conclude that mice. Consequently, the relationship between EOG re-
olfactory cilia do not express AC1 or AC8 and that Ca21- sponses and olfactory-dependent behavior was not
stimulated adenylyl cyclases do not play a role in initial known before our study. We demonstrated that wt mice
signaling in olfactory sensory cells. This is consistent demonstrate a significant increase in learned behavior
with the observation that double knockout mice lacking associated with either citralva or lilial as test odorants.
both AC1 and AC8 show normal EOGs for odorants Conversely, AC3-M mice demonstrated a profound lack
(data not shown). In this study, we discovered that three of preference for the test odorants in both the sand-
adenylyl cyclases are expressed in olfactory cilia: AC2, buried food task and odor-associated passive avoid-
AC3, and AC4. Each of these enzymes is stimulated ance learning paradigms. This is the first time the
by Gs-coupled receptors, and AC2 and AC4 are also connection between defects in the EOG response and
strongly activated by bg subunits released from G pro- olfactory-dependent behavior has been made by gene
tein heterotrimers during receptor activation (Tang and ablation.
Gilman, 1991; Zimmermann and Taussig, 1996). This
suggested the interesting possibility that several differ-
ent adenylyl cyclases may couple to olfactory receptors Role of the cAMP Signal Transduction System
for Olfactionand that there may be multiple receptor-mediated mech-
anisms for generation of cAMP signals. Alternatively, Gene disruption studies with AC3, Golf , and CNG mutant
mice (Brunet et al., 1996; Belluscio et al., 1998) supportcAMP regulates many cellular functions, and the pres-
ence of several adenylyl cyclases may reflect roles for the general hypothesis that the cAMP signal transduc-
tion system is critical for detection of odorants. AC3 hascAMP other than primary olfactory signaling. Although
AC2, AC3, and AC4 are all expressed in the cilia layer several novel regulatory properties that may be impor-
tant for olfaction. It is strongly stimulated by Gs-coupledof OSNs, AC3 is almost exclusively expressed in cilia,
whereas AC2 and AC4 are also expressed in the den- receptors and protein kinase C (PKC). Stimulation of
PKC through the IP3 pathway in vivo activates AC3 (Choidritic knob and axons, suggesting additional functions.
The distribution of AC3 in OSNs and its unique regulatory et al., 1993), and some odorant receptors may stimulate
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Use Committee. Food and water were provided ad libidum, and theAC3 indirectly through the IP3/PKC pathway. If this hy-
animals were kept on a 12/12 light/dark cycle. To minimize stresspothesis is true, all or most olfactory signaling is medi-
for behavior experiments, animals were handled twice daily for 1ated through AC3, consistent with the data presented
week prior to each experiment.in this study.
Rapid desensitization of olfactory signaling is a critical
Immunocytochemistryproperty of olfaction that allows animals to detect and
The expression and distribution of AC3, Golf /Gs, and OMP in OErespond to odorants. Interestingly, AC3 is inhibited by
were analyzed by immunocytochemistry. Mice were anesthetizedCaM kinase II phosphorylation at Ser-1076 (Wayman et
with ketamine/xylazine injected intraperitoneally and transcardially
al., 1995; Wei et al., 1996). Since odorant-stimulated perfused with 4% paraformaldehyde (PFA) in 0.1 M sodium phos-
cAMP increases are accompanied by elevated intracel- phate buffer (pH 7.4). Nasal structures were dissected and postfixed
lular Ca21, CaM kinase II inhibition of AC3 may contribute in 4% PFA for 2 hr. The fixation was followed by decalcification in
to termination of olfactory signaling. This hypothesis is 0.5 M EDTA (pH 7.4) for 12 hr. Decalcified specimens were embed-
ded and frozen in Tissue-TEK/OCT (MILES). Cryostat sections, 20supported by the observation that odorants stimulate
mM thick, were mounted on microscope slides. The sections werecAMP transients in OSNs that are accompanied by tran-
preincubated with the Histomouse-sp kit (ZYMED) for 1 hr. Thesient phosphorylation of AC3 at Ser-1076 (Wei et al.,
sections were reacted with rabbit anti-AC3, anti-Golf (Santa Cruz1998). Phosphorylation of AC3 is blocked by inhibitors
Biotechnology), or OMP (a generous gift from Frank Margolis, Uni-of CaM kinase II that also ablate cAMP decreases asso-
versity of Maryland), in blocking buffer (13 phosphate-buffered sa-
ciated with odorant-stimulated cAMP transients. Collec- line [PBS], 1 mg/ml bovine serum albumin [BSA], 5% horse serum,
tively, these data indicate that AC3 is ideally suited to and 0.1% Triton X-100) for 1 hr. After washing with PBS 1 0.1%
couple odorant receptors to cAMP increases and to Triton X-100 several times, sections were incubated with a Texas
provide a mechanism for the subsequent decline in intra- red–conjugated anti-rabbit antibody for 1 hr. Stained sections were
visualized by confocal or fluorescent microscopy.cellular cAMP. This general model is supported by re-
cent data showing that treatment of OSNs with CaM
kinase II inhibitors impairs odor adaptation (Leinders- Adenylyl Cyclase Assay
Zufall et al., 1999). Olfactory cilia were prepared as previously described (Wei et al.,
1998), and adenylyl cyclase assays were carried out as reported byIn summary, the loss of electrophysiological re-
Wong et al. (1999). Free Ca21 concentrations were calculated usingsponses in the OE as well as of olfactory-based learning
the Bound and Determined computer algorithm (Brooks and Storey,and memory in AC3-M mice strongly establish the cAMP
1992). Forskolin (Sigma) and GppNHp (Sigma) were diluted in 10signal transduction system as a critical pathway for ol-
mM Tris-HCl before use. Adenylyl cyclase activities are the meanfaction. Despite the presence of multiple adenylyl cy-
of triplicate determinations. Protein concentrations in the cell mem-
clases in olfactory cilia, it appears that most olfactory branes were determined as described (Hill and Straka, 1988).
signaling proceeds through receptors coupled to AC3
or to other signal transduction systems, such as the PI3/ Western Blot AnalysisPKC pathway, that activate AC3. These studies also
Western blots for AC2 and AC4 were performed as described with
identify AC3 as a primary drug target site for modifica- modifications (Baker et al., 1999). Detached cilia membrane prepa-
tion of olfactory responses. rations were resuspended in 20 mM Tris-HCl (pH 7.4), 1 mM EDTA,
2 mM MgCl2, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride,
3.2 mg/ml leupeptin, 2 mg/ml aprotinin, and 0.5 mg/ml pepstatin AExperimental Procedures
and dounce homogenized. Protein concentrations were determined
(Bradford, 1976), using BSA as a standard. Samples (40 mg) wereGeneration of AC3-M Mice
heated at 958C for 5 min, then separated by native PAGE (for AC2)AC3 mutant mice were made by embryonic stem (ES) cell–targeted
or SDS–PAGE (for AC3 and AC4) on 7.5% acrylamide gels, trans-gene disruption. A 129 mouse genomic library was probed with a
ferred to a polyvinylidene difluoride membrane, and blocked with629 bp, AccIII-KpnI cDNA fragment encoding the first 139 amino
3% cold fish gelatin in 20 mM Tris-HCl (pH 7.4), 150 mM NaCl,acids of AC3. The targeting vector, vector 213, was constructed by
and 0.05% Tween 20 for 1–2 hr at room temperature. Blots werereplacing a 5.5 kb EcoRI-KpnI fragment of the genomic clone that
incubated with 100 ng/ml anti-AC2, -AC3, or -AC4 at 48C for 16–20contained the putative promoter and the ATG start codon with a
hr followed by horseradish peroxidase–conjugated goat anti-rabbitneomycin resistance cassette. A herpes virus thymidine kinase gene
IgG for 1 hr. Blots were developed by enhanced chemiluminescence(TK) was engineered into the vector such that it will be excised
(Amersham, Arlington Heights, IL) according to the manufacturer’sduring homologous recombination (Figure 2A.). This replacement
guidelines.ablated the AC3 promoter region (Wang et al., 1993) as well as the
first 310 amino acids. ES cells derived from 129Sv/J mice (Jackson)
were transfected with linearized vector 213 and placed under double Electroolfactogram Analysis
EOG studies were performed as previously described (Brunet et al.,selection using Geneticin and Gancyclovir. These clones were ex-
panded and transferred to pseudopregnant females to afford seven 1996). Briefly, either 16-week-old mice or P1 pups were sacrificed
by decapitation. Each head was bisected through the septum, andhigh-percentage chimeric mice using standard methodology (Hogan
et al., 1994). Chimeric mice were mated to C57/BL6 mice to establish the septal cartilage was removed to expose the olfactory turbinates.
Olfactory turbinates from one side were used, and the remaininggermline transmission of the mutant AC3 allele, and F1 hybrid het-
erozygous mice originating from different chimeras were mated to carcasses were used to genotype the animals. The EOG, basal
potential minus apical potential, was recorded with an agar- andgenerate mice homozygous for the AC3 mutation, AC3-M mice. Wt
and heterozygous mice from the same litters were used as controls saline-filled glass microelectrode in contact with the apical surface
of the OE in the open circuit configuration. Using an automated four-for AC3-M mice. Disruption of the AC3 gene was confirmed by
Southern analysis. Digestion of total genomic DNA with HindIII af- way slider valve, odorant molecules were puffed onto the exposed
epithelia for 1 s followed by a stream of moisturized oxygen. Tracesfords a 5.0 kb band representing the wt allele of AC3 and a 1.5 kb
band representing the mutant allele. Adult AC3-M mice did not have were captured and digitized using a Digidata 1200A (Axon Instru-
ments) connected to a PC. The traces were low-pass filtered at 30identifiable motor impairments, e.g., ataxia or tremor, and did not
demonstrate gross anatomical abnormalities. Their responses to Hz and sampled at 125 Hz. Forskolin experiments were conducted
by monitoring the baseline potential average over 30 s, then applyingclap, startle, light, and foot shock were also normal. Mice were bred
and maintained under conditions compatible with National Institutes 24 mM forskolin in 1 ml of Krebs Ringer solution; 30 s later, potentials
were measured. The ratio of the potential taken at 30 s versusof Health guidelines and approved by the International Animal Care
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